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We report the measurement of the transverse momentum dependence of inclusive J/ψ polarization in p + p collisions at √ s = 200 GeV performed by the PHENIX Experiment at RHIC. The J/ψ polarization is studied in the helicity, Gottfried-Jackson, and Collins-Soper frames for pT < 5 GeV/c and |y| < 0.35. The polarization in the helicity and Gottfried-Jackson frames is consistent with zero for all transverse momenta, with a slight (1.8 sigma) trend towards longitudinal polarization for transverse momenta above 2 GeV/c. No conclusion is allowed due to the limited acceptance in the Collins-Soper frame and the uncertainties of the current data. The results are compared to observations for other collision systems and center of mass energies and to different quarkonia production models.
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I. INTRODUCTION
Quarkonia production in high-energy hadronic collisions is an essential tool for investigating QCD. The QQ pair is produced in a hard scattering involving gluons, which is followed by a hadronization process that forms the bound state. These formation and hadronization steps are the subject of many studies. Initial tests of quarkonia production models using J/ψ cross sections measurements are still inconclusive [1] , suggesting that other observables would be useful to challenge the different production models. For example, a key piece of information to help pin down the mechanism of heavy quarkonia (cc and bb) production and the bound state formation is the angular distribution of its decay leptons.
The angular distribution of spin-1 2 lepton decay from quarkonium (spin 1) is derived from density matrix elements of the production amplitude and parity conservation rules [2] [3] [4] . The angular distribution integrated over the azimuthal angle is given by dσ d cos θ * = A 1 + λ cos 2 θ * ,
where A is a normalization factor and θ * is the angle between the momentum vector of one lepton in the polarization quarkonium rest frame and the longitudinal direction (ẑ coordinate) of a selected polarization vector (frame). The polarization parameter λ is related to the diagonal elements of the density matrix of the production amplitude and contains both the longitudinal (σ L ) and transverse (σ T ) components of the quarkonium cross section
The quarkonium polarization is longitudinal (transverse) in a given frame if λ is negative (positive). The most common polarization frame used in analyses performed at collider experiments is whereẑ is the * Deceased † PHENIX Spokesperson: jacak@skipper.physics.sunysb.edu quarkonium momentum. Polarization measured in this manner is referred to as being in the helicity frame (HX) [2] . In fixed target experiments the most frequently used polarization frame hasẑ as one of the colliding hadrons momentum in the quarkonium rest frame, namely, the Gottfried-Jackson frame (GJ) [3] . Another polarization frame, used primarily for the studies of Drell-Yan production, is the Collins-Soper frame (CS) [4] that definesẑ as the bisector between the directions of the first colliding parton and of the opposite of the second colliding parton in the dilepton rest frame. A diagram representing the three polarization frames is shown in Fig. 1 . The amplitude and the sign of λ depend on the frame used in the measurement. The natural polarization axis for the production process can be defined as that where the lepton decay azimuthal angle distribution is symmetric and λ is maximum [5] . In such a frame, the density matrix of the production amplitude is diagonal. Several quarkonium production models have been proposed to describe the perturbative terms which are relevant for QQ production, while other models include nonperturbative terms related to the formation of the bound state. The various models predict different polarizations and are described below.
In the Color Evaporation Model (CEM) [6] , quarkonia production is assumed to be a fixed fraction of the pQCD cross section for invariant masses between twice the mass of the heavy quark (c or b) and twice the mass of the open heavy quark meson (D or B). This model has reasonable agreement with most of the measured quarkonia cross sections but no predictive power for the polar-ization [7] . Nevertheless, according to [8] , multiple soft gluon exchanges destroy the polarization of the heavy quark pair.
The earliest Color Singlet Model (CSM) was a calculation of the leading order gg → S-wave charmonium + g process where the relative momentum of the QQ pair with respect to the quark mass m Q is neglected and the pair is produced on-shell [9] [10] [11] . The QQ binding is calculated from potential model wave functions. J/ψ yield measurements reported by CDF [12] and PHENIX [1] are largely underestimated by this model. The J/ψ polarization predicted by LO CSM is transverse in the HX frame [13] . Subsequent calculations also included NLO terms [14] [15] [16] , NNLO terms [17, 18] and an s-channel cut contribution that allows off-shell cc quarks to end up in the bound state [19] . These calculations show large changes in the yield and polarization relative to the earlier calculations. The new calculations of the J/ψ yield is closer to what is observed in PHENIX and CDF for p T < 10 GeV/c. The J/ψ polarization is predominantly longitudinal in the HX frame according to these new calculations.
Non-relativistic QCD (NRQCD) effective theory [20] makes use of short distance (m Q ) and non-relativistic m Q ν 2 terms, where ν is the typical quark velocity in the quarkonium rest frame. A typical ν for charm (bottom) is 0.3c (0.1c). The S-wave charmonium is described as a series of intermediate color singlet (1) or color octet (8) state contributions
where the spectroscopic notation 2S+1 L J is used. The non-perturbative operators O (ν) are parametrized using experimental results. Since the singlet state has a small contribution to the yield, this model is also referred as the Color Octet Model (COM). Using constraints from the CDF cross section J/ψ data, reasonable agreement is obtained with PHENIX yield results assuming J/ψ production is dominated by gluon fusion in the 1 S 
0 ) = 0 and λ( 3 P
0 ) = −0.05 indicating a very small longitudinal polarization from direct J/ψ in this p T range. Numerical estimations [23, 24] and subsequent NLO corrections [25] supports that the polarization for p T ≫ M J/ψ , where production from gluon fragmentation is supposed to be important, is predominantly transverse in the HX frame.
The J/ψ polarization in hadronic collisions was studied in fixed target experiments at √ s ≤ 39 GeV [26] [27] [28] [29] [30] [31] [32] [33] . These experiments predominantly covered |x F | > 0 and p T < 5 GeV/c. In [5] it was noted that J/ψ polarization measured in the CS frame by HERA-B [31] and by E866/NuSea [33] smoothly changes from longitudinal to transverse with the total momentum. The polarization observed in CDF at √ s = 1.96 TeV in midrapidity for p T > 5 GeV/c showed a small longitudinal polarization in the HX frame [34] . This result contradicts the first LO CSM and COM expectations.
Complimentary J/ψ polarization measurements in p+p collisions at √ s = 200 GeV can help elucidate the production mechanism. Moreover, it is expected that the polarization of J/ψ is modified in the presence of nuclear matter effects in d+Au collisions and hot and dense matter in Au+Au collisions [35] . Thus future measurements of J/ψ polarization in d+Au and Au+Au at RHIC demands a good reference from p+p collisions.
This paper reports the transverse momentum dependence of the J/ψ polarization for |y| < 0.35 in the HX, GJ and CS reference frames. The study was performed in the dielectron decay channel for p T < 5 GeV/c . The experimental apparatus used to measure electron decays from J/ψ mesons is detailed in section II. The procedure followed to obtain the cos θ * distributions, the corresponding polarization parameters and their uncertainties are explained in section III. The results, comparison with measurements at other facilities and interpretation in the context of current theoretical models are presented in section IV.
II. EXPERIMENTAL APPARATUS AND J/ψ IDENTIFICATION
This analysis was performed with data collected in p+p collisions at √ s = 200 GeV during the 2006 RHIC Run with the PHENIX central arm detectors [36] . The geometrical coverage for single electrons corresponds to pseudorapidity |η| <0. 35 . Each one of the roughly backto-back two arms covers ∆φ = π/2.
Data were recorded using a minimum-bias trigger that required at least one hit in each of the two beam-beam counters (BBC) located at 3.0 < |η| < 3.9 and scanning approximately 50% of the p+p cross section. A dedicated trigger (EMCal RICH Trigger -ERT) was also used to select events with at least one electron candidate. The ERT required a minimum energy in any 2×2 group of the Electromagnetic Calorimeter (EMCal) towers 1 and associated hits in the Ring ImagingČerenkov detector (RICH) in coincidence with the minimum-bias trigger condition. The EMCal energy threshold was set to 0.4 GeV and 0.6 GeV for two different periods during the data taking run.
Collisions within ±30 cm of the center of the detector along the beam direction were used in this analysis. After data quality selection, the number of collisions sampled was 143 billion BBC triggers, corresponding to an integrated luminosity of L = (6.2 ± 0.6) pb Electron candidates were selected from tracks reconstructed in the Drift Chamber (DCH) and in the Pad Chamber (PC) with momentum larger than 0.5 GeV/c. Electron identification was achieved by requiring the tracks to be associated with at least one fired phototube within a ring radius 3.4 cm < R ring < 8.4 cm centered on the projected track position in the RICH. In addition, the presence of a matching energy cluster in the EMCal was required within four sigma in both the position and expected energy/momentum ratio. Since the hadronic background in the J/ψ mass region is small in p+p collisions, only loose electron identification criteria were used.
Dielectron pairs from J/ψ decays were counted in the invariant mass range ∈ [2.9, 3.2] GeV/c 2 . The combinatorial background was estimated using like-sign (e + e + and e − e − ) pairs. Since we evaluated the ERT efficiency using J/ψ simulation, we required that the ERT segment was fired by one of the J/ψ decayed electrons. Hence, only pairs with at least one electron matching geometrically the position of an actual ERT trigger in the event were accepted. The dielectron mass distribution in the J/ψ mass region is shown in Figure 2 . The signal/(combinatorial background) ratio was 28. After combinatorial background subtraction, we counted 2442 ± 51 e + e − pairs with p T < 5 GeV/c in the selected J/ψ mass range. These counts include a residual continuum background, which consists mainly of correlated open heavy quark decays to electrons. This background was found to be less than 10%.
III. ANALYSIS PROCEDURE
The angular dependence of the detector response for electrons from J/ψ decays was estimated using a full GEANT3 [37] based detector simulation. Dead channels or malfunctioning regions were removed from the detector simulation and from the real data analysis. The experimental acceptance was checked by simulating single electrons with collision z vertex and p T distributions weighted to reproduce observed distributions of electron candidates from real data. The simulated detector acceptance for these single electrons was compared to that for real data for different azimuthal sectors (see Fig. 3 ). Remaining differences in the acceptance between simulated and real data were attributed to conversions γ → e + e − in the detector support structure at large z which were not included in the simulation. These differences were accounted for in the systematic uncertainty listed in Table I.
The detector response to electrons in the simulation was tuned to match the data. A clean sample of electrons in the data was obtained by selecting electrons from Dalitz decays and photon conversions in the beam pipe which were identified by their very low invariant mass [38] . Figure 4 shows the comparison between the momentum dependent electron identification efficiency (ε eID ) for single electrons from fully reconstructed Dalitz and photon conversion decays in minimum-bias data and simulation. Good agreement above 0.5 GeV/c was achieved within the statistical uncertainties.
The p T dependence of the ERT efficiency was estimated for each one of the 8 EMCal sectors by taking the fraction of minimum-bias single electron candidates that fired the ERT. These efficiencies were used in the ERT simulation. Changes in the trigger thresholds and channel masks in the ERT during the run period were used in the simulation in order to reproduce realistic run conditions.
The tuned detector simulation was used to reproduce the measurement of J/ψ dielectron pairs and to match their momentum, rapidity and vertex distributions. The kinematics of the simulated J/ψ were estimated in four steps:
1. Unpolarized J/ψ e + e − pairs were generated with uniform distributions in rapidity (|y| < 0.5),
, azimuthal angle (−π < φ < π), and collision vertex along the beam axis Z (|Z vertex | < 40 cm).
2. The J/ψ p T distribution obtained after applying the efficiency and acceptance corrections agrees with the previous result [1] . A Kaplan function ( Fig. 5) , and a Gaussian function was fit to the rapidity dependence of the J/ψ yield reported in [1] and to the collision Z vertex distribution.
3. The fitted p T , rapidity and collision vertex functions were then used to re-weight the simulated J/ψ events. The top half of each plot in Figs. 6 and 7 shows the cos θ * distributions in the HX, GJ, and CS frames of e + e − pairs in the J/ψ mass range obtained in J/ψ simulation and real data 2 after combinatorial background subtraction. The simulated and real data distributions are functions of the detector acceptance and efficiency and the original dN e + e − /dcos θ * in the J/ψ mass range. The bottom panels show the ratio between the real data and simulated λ = 0 distributions, corresponding to the acceptance corrected cos θ * distributions.
2 The cos θ * resolution estimated in the simulation was 0.08 in the HX, 0.025 in the GJ and 0.007 in the CS frames. These resolutions are much smaller than the bin width of the cos θ * distributions used in the polarization analysis. Equation (1) was fitted to these acceptance corrected cos θ * distributions with no constraints on the parameters. Solid lines are the most likely fits and dashed lines represent 68% confidence level interval. In the CS frame, the fit returned a polarization which was out of the physical limits (λ ∈ [−1, 1]). This was a result of the small acceptance for the cos θ * distribution in the PHENIX central arms for this frame, leading to a large statistical uncertainty on its polarization measurements. Thus, the CS frame is no longer considered in this article.
4. Any asymmetry in the electron decay distribution, i.e. λ = 0, can change the detector acceptance. Hence, the fourth and final step of the simulation was to apply a weight in cos θ * to the simulated J/ψ by using the λ obtained in the third step. When using this realistic angular distribution for the p T dependent acceptance, and the corresponding uncertainties, we obtained a variation in the yield up to ±8% for p T < 5 GeV/c that corresponds to changes in polarization results no larger than 0.02 in the HX frame and 0.05 in the GJ frame. These variations were accounted for in the systematic uncertainties.
We also estimated the contribution to the J/ψ polarization from the continuum background by measuring λ in the dielectron mass range [1.7, 2.3] GeV/c 2 . The acceptance and efficiency corrections were performed using simulated DD → e + e − decays, the dominant source of e + e − pairs in [1.7, 2.3] GeV/c 2 , according to the analysis in [39] . The polarization in this mass range is consistent with zero, with values between ±0.3 in the HX and ±0.9 in the GJ frame. The 10% continuum contribution can change the measured polarization in the J/ψ mass range by at most +0.05 −0.02 in HX frame and +0.17 −0.14 in GJ frame and was included in the systematic uncertainties.
The λ measurement is also sensitive to differences between acceptance in simulated and in real data, run-by- run condition variations, uncertainties in rapidity, Z vertex, and transverse momentum shape inputs to the simulation, as well as the ERT efficiency p T shape. These uncertainties were introduced as variations in the efficiency and weighting parameters for different detector sectors in the simulation. Resulting variations in λ were accounted for as systematic uncertainties and are listed in Table  I . The systematic uncertainties are correlated between different p T ranges. The total systematic uncertainty is taken to be the quadratic sum of these components, assuming they are uncorrelated. Additional checks included the variation of the minimum momentum requirement of the single electrons and the rejection of tracks going to the edges of the detector. These variations returned only statistical fluctuations in the polarization results.
IV. RESULTS Figure 8 shows the transverse momentum dependence of the J/ψ polarization in the HX and JG frames. The uncertainties of the fit are larger in the GJ frame given the smaller cos θ * range compared to HX frame. The numerical values are listed in Table II . For the HX frame also shown are currently available theoretical models: COM [13] and the s-channel cut CSM [19] calculated using the same polarization frame. There are no theoretical predictions for the GJ frame.
The measurements presented here are for inclusive J/ψ . Feed-down from χ c and ψ ′ may also contribute to the observed polarization and are not separated out. The world average result for the feed-down contribution to the J/ψ yield is 33 ± 5% [40] . The polarization of the indirect J/ψ should be smeared during the decay process. If the J/ψ from feed-down sources are unpolarized, the direct J/ψ may have a larger λ in magnitude than that reported here.
The J/ψ polarization is consistent with zero for all transverse momenta but exhibits a 1.8 sigma longitudinal polarization at p T > 2 GeV/c in the HX and GJ frame when the quadratic sum of the statistical and systematic uncertainties are considered. In the HX frame, the p T dependent λ follows the s-channel cut CSM expectations for prompt J/ψ [41] . Finally, the COM prediction [13] , using the NRQCD matrix elements fitted to CDF data, is also consistent with our data over the p T range covered by the calculation. Figure 9 shows that the polarization for p T < 5 GeV/c follows what is observed in fixed target experiments for a more extended x F range in the HX and GJ frames. Statistical and systematic uncertainties are quadratically summed for this comparison. Note that the E866/NuSea result was measured in the CS frame. [32] and E866/NuSea (CS frame) [33] .
In principle, intermediate singlet and octet color states may be absorbed differently in the nuclear matter present for fixed target p+A measurements, possibly changing the final J/ψ polarization. However, comparisons are limited by the uncertainties in the present data. The observed agreement between the p + p results reported here and fixed target p + A measurements are not yet able to determine the magnitude of nuclear matter effects on J/ψ polarization. Direct comparison between future high statistics p T and rapidity dependence of the J/ψ polarization in p+p and d+Au collisions will provide a better picture for these effects.
V. CONCLUSIONS
We have presented the first J/ψ polarization measurement at RHIC for two different polarization frames. The observed p T -dependent J/ψ polarization parameter in the HX frame is consistent with the s-channel cut CSM, COM and no polarization within current uncertainties. The integrated momentum polarization observed in both the HX and GJ frames are in good agreement with the results obtained at fixed target experiments collected in lower energy p+A collision in the same x F region. Upcoming higher luminosity p+p data will allow more accurate measurements over the full decay angular distributions and over extended p T and rapidity ranges.
